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Abstract
The bacterial community in coastal waters of northeastern Adriatic Sea was
dominated by SAR11 and Sulfitobacter taxa throughout the year. The seasonal
distribution of bacterioplankton taxa showed continual differences between
surface (0 m) and bottom (27 m) layers. The surface assemblage was repre-
sented by Actinobacteria, Cyanobacteria, Alphaproteobacteria, and Gammapro-
teobacteria, while the bottom assemblage was made up of Bacteroidetes,
Cyanobacteria and Alphaproteobacteria. As SAR11 was more dominant in the
bottom layer, its appearance may be linked to northward transport of oligo-
trophic waters of higher salinity from the south. Gammaproteobacteria
appeared only in the surface layer during summer, influenced by higher
amounts of nutrients, brought in by the Po River. Synechococcus was the most
abundant taxon at the genus level. Dominance of Synechococcus during the
whole season agrees with its dominance in terms of abundance determined by
flow cytometry, and confirms its utmost importance in the picoplankton com-
munity of this area. We found two different types of Synechococcus: one type
with high similarity to Synechococcus CC9902, present in the surface and bot-
tom layers, and another one similar to Synechococcus WH7803, present only in
the surface layer. Oligotrophic conditions together with complex hydrological
features of this area were reflected in diversification and dynamic shifts of
surface and bottom assemblages.
Introduction
Great effort has been made in the last decades to assess
the diversity of marine microbial communities using dif-
ferent molecular techniques. The application of such
methods has expanded our understanding of marine
microbial evolution, metabolism, and ecology (De Long &
Karl, 2005). Yet, much remains to be learn about their
diversity, ecology and distribution. In addition, identifying
patterns in microbial communities living in different habi-
tats will establish a more comprehensive picture of micro-
bial and biogeochemical processes in marine systems.
Some of the studies have addressed spatial variability in
microbial structure (Murray et al., 1998; Schauer et al.,
2000; Yokokawa et al., 2010; Celussi et al., 2011) pointing
out to their large scale stability. Temporal studies have
been mainly carried out in coastal waters (Murray et al.,
1996, 1998; Pinhassi & Hagstro¨m, 2000; Schauer et al.,
2000, 2003; Kan et al., 2006; Alonso-Sa´ez et al., 2007; Cel-
ussi & Cataletto, 2007; Celussi et al., 2011) because of the
difficulty of periodic sampling in open sea. Coastal zones
are usually very dynamic and subject to environmental
perturbations; consequently, different parts of the same
area can have different factors shaping the ecosystem and
its microbial community structure. The northern Adriatic
is a dynamic area with highly variable circulation (Miha-
novic´ et al., 2011 and references therein), influenced by
strong winds, freshwater inputs, and oligotrophic water
brought in from the south Adriatic Sea. The Po River out-
flow and meteorological factors trigger stratification or
vertical mixing of the water column (Socal et al., 2008),
consequently shaping microbial community structure
through the whole water column. The spatial and tempo-
ral extension of seasonal stratification shows interannual
variability (Solidoro et al., 2009). The main contribution
to the circulation and to the trophic state of the basin is
the Po River and its strong seasonal and interannual vari-
ability in water loads (Socal et al., 2008). Usually, in the
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presence of vertical stability and strong Bora winds, a
branch of the Po River plume can travel eastward reaching
Istria, following a semi-closed circulation pattern (Artegi-
ani et al., 1997). This Po River branch reaching coastal
northeastern part of Adriatic Sea has an important influ-
ence on plankton community because it brings nutrients
and triggers vertical mixing. This complex hydrodyna-
mism of the studied area makes it quite different from
other coastal areas where the water column is homoge-
neous, and vertical mixing is well established during most
of the season. Thus, the main aim of this study was to (1)
obtain detailed information concerning microbial assem-
blages in terms of their composition and temporal dynam-
ics in coastal waters of northeastern Adriatic Sea and (2)
to correlate microbial community structure to physical
and environmental variables so as to identify the principal
factors influencing bacterial dynamics.
Methods
Sample collection and preparation
Seawater samples were collected from five depths (0, 5,
10, 20, and 27 m) at coastal station RV001, one nautical
mile from the shore in northern Adriatic Sea (13°61′E,
45°08′N). Samples were collected every 2 weeks between
September 2008 and October 2009. Temperature and
salinity were measured with a SBE 25 Sealogger CTD
probe (Sea–Bird Electronics, Inc., Bellevue, WA) in situ,
while samples for nutrients and chlorophyll a were col-
lected in polycarbonate bottles and processed on board.
Subsamples for the determination of dissolved nutrients
such as nitrate, nitrite, ammonium, and phosphate (PO4)
were analyzed immediately after collection (Parsons et al.,
1984; Ivancˇic´ & Degobbis, 1984). Subsamples of 500 mL
for the determination of chlorophyll a (pico-, nano-, and
microfractions) were filtered onto Whatman GF/F filters.
Subsamples (500 mL) were filtered directly onto GF/F fil-
ters (for total chl a), through 20-lm net to GF/F filters
(for nano-chl a), and through 3 lm polycarbonate
Nucleopore filters (47 mm diameter) to GF/F filters (for
pico-chl a). A filtration vacuum of < 2 cm Hg was used
for all filtration steps. Filters were frozen (18 °C) and
analyzed following the fluorometric procedure after Par-
sons et al. (1984). The micro-chl a fraction was obtained
by subtracting total chl a from < 20 lm fraction. The
nano-chl a fraction was obtained by subtracting nano-chl
a from pico-chl a fraction.
Subsamples (2 mL) for heterotrophic bacteria counts
were fixed with formaldehyde (2% final concentration)
and stored at 4 °C until returning to the laboratory.
Subsamples (4 mL) for picophytoplankton counts were
fixed with 0.5% glutaraldehyde for 10 min, frozen in
liquid nitrogen, stored at 80 °C. For denaturing
gradient gel electrophoresis (DGGE) analysis, 5 L of sea-
water was collected once per month at surface (0 m) and
bottom depth (27 m) and filtered through 0.2 lm pore
diameter filters (Nucleopore PC) with a vacuum pump at
 150 mmHg. Filters were placed in cryo-vials, filled
with 1.8 mL of lysis buffer (40 mM EDTA, 50 mM Tris–
HCl, 0.75 M sucrose) and stored at 80 °C.
Flow cytometry
Samples were analyzed as described earlier (Sˇilovic´ et al.,
2011) using a Partec PAS III flow cytometer, equipped
with an Argon laser (488 nm). Instrumental settings were
standardized for all parameters by using 1 and 3 lm
fluorescence polystyrene calibration beads. Data were col-
lected in listmode files using FL3 as a trigger parameter
and processed with software FloMax (Partec). Synechococ-
cus and picoeukaryotic cells were distinguished by their
autofluorescing chlorophyll (FL3) and phycoerythrin
(FL2) content of the cells as well as by the cells’ side-
angle light scatter (SSC) as a proxy of their size.
Heterotrophic bacteria abundance
Samples were counted by epifluorescence microscopy
(Leitz Laborlux D and Zeiss: imager. Z1 at a magnifica-
tion of 10009) after staining with 4,6-diamidino-
2-phenylindol (DAPI; 1 lg mL1, final concentration).
Statistical analysis
A logarithmic transformation [log10 (x + 1)] was used on
the band intensity data prior to statistical analyses to
obtain normal distributions. A standard Pearson correla-
tion using the program SYSTAT 10.2 was used to quantify
direct correlations between picoplankton abundances and
environmental parameters. The statistical package PRIMER
6 (Clarke & Gorley, 2006) was used for principal compo-
nent analysis (PCA) of physical and chemical variables,
picoplankton abundances and band intensity data, as well
as for multidimensional scaling (MDS) and hierarchical
agglomerative clustering with group-average linking
(CLUSTER) and an associated Similarity Profiles
(SIMPROF) test of band intensity data.
DNA extraction
DNA was extracted as previously described (Bostro¨m
et al., 2004). Briefly, cells were treated with lysozyme,
proteinase K, and sodium dodecyl sulfate followed by
phenol-chloroform-isoamyl alcohol extraction. Extracted
DNA was desalted and treated with concentrated ethanol
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and 5 M sodium acetate. DNA was dilluted in 50 lL of
MQ water.
PCR and DGGE
A 16S rRNA gene fragment (approximately 550 bp long) was
amplified by PCR, using the bacterium-specific primer 358f (5′
CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGG-
GGGGCCTACGGGAGGCAGCAG) that is complementary to
positions 341–358 (Escherichia coli numbering) and has a
GC clamp (underlined) and the universal primer 907rm
[5′-CCGTCAATTC(A/C)TTTGAGTTT] that is complemen-
tary to positions 927–907. The reaction mixture volumes were
50 lL, containing 20 ng of template, 200 lM concentration of
each deoxynucleoside triphosphate, standard 19 PCR buffer,
2 mM MgCl2, 0.25 lM concentration of each primer, bovine
serum albumin (0.15–0.30 lg mL1), and 1.25 U of Taq poly-
merase (Invitrogen). After an initial denaturation step (5 min
at 94 °C), samples were amplified with 10 touchdown cycles,
with one cycle consisting of denaturation (1 min at 94 °C),
annealing [1 min at 65–55 °C (temperature of 65 °C in the
first cycle, with the temperature decreasing 1 °C each cycle and
ending at 55 °C in the last cycle)], and extension (3 min at
72 °C). This was followed by 20 standard cycles, with one cycle
consisting of denaturation (1 min at 94 °C), annealing (1 min
at 55 °C), and extension (3 min at 72 °C), and a final exten-
sion step (7 min at 72 °C). PCR products were quantified by
agarose gel electrophoresis with a molecular size standard in
the gel (Low DNAMass Ladder, Invitrogen).
A total of 800 ng of PCR product for each sample was
loaded on a 6% (w/v) polyacrylamide gel (acrylamide and
N,N′-methylene bisacrylamide at a ratio of 37 : 1) with a
denaturing gradient that ranged from 40% to 80% (where
100% is defined as 7 M urea and 40% deionized formam-
ide). Electrophoresis was carried out with a DGGE-2000
system (CBS Scientific Company). Gels were run at
100 V for 16 h at 60 °C in 19 TAE running buffer
[40 mM Tris (pH 7.4), 20 mM sodium acetate, 1 mM
EDTA]. Gels were stained with the nucleic acid stain
SYBR Gold Safe (Molecular Probes) for 20 min, rinsed
with 19 TAE running buffer. Images were processed in
Quantity One Software by ChemiDoc System. The Chem-
iDoc software detects the bands and calculates their rela-
tive contribution to the total lane intensity. Each lane
represented one sample, and gained values were used for
building dendrogram while the distance matrix of gained
values was used for MDS diagram with the statistical
package PRIMER 6.
Sequencing of DGGE bands
DGGE bands were excised using a sterile razor blade and
eluted in 20 lL of MilliQ water overnight at 4 °C,
followed by a freeze-thaw cycle. A total of 3 lL of the
eluate was used for reamplification with the original pri-
mer set. Ten to 20 ng of the PCR product was sent for
commercial sequencing (Macrogen, the Netherlands).
Obtained sequences were compared with public database
using BLAST to determine their taxonomic affiliation.
Results
Environmental parameters
Seawater temperature at station RV001 ranged from 9.3 °C
(February, 5 m) to 27.5 °C (August, surface), whereas
salinity varied between 34.22 (June, surface) and 38.18
(September 2009, bottom). Water temperature and salin-
ity values showed a regular seasonal trend with a sharp
stratification period starting at the end of May, and last-
ing until the end of September (Fig. 1). Salinity was
rather constant during the year with a marked decrease in
the subsurface layer in spring–summer period (Fig. 1b),
typical for this area (Ivancˇic´ et al., 2010).
Nutrient concentrations showed the lowest values in
the surface layer (0.03 lM for NO3 in December,
0.01 lM for NO2 in August, at 5 m and 0.12 lM NH
þ
4
in October at 0 m) (Fig. 2a–c). Phosphate concentrations
were generally very low, particularly in February and
March when their concentrations were below detection
limit (< 0.01 lM) through the whole water column
(Fig. 2d). The highest value of phosphates (0.26 lM) was
recorded in April at 20 m. During stratification, nutrient
values gradually increased reaching the maximal values in
the bottom layer (except for NO3 with maximal values of
10.34 lM at 5 m in June), 0.26 lM for PO34 in April,
5.10 lM for NHþ4 in May at 20 m, 2.07 lM for NO

2 in
October at 27 m (Fig. 2a–d).
Total chl a concentration was generally very low and
varied between 140 and 850 ng L1 showing the maxi-
mum in September 2008 (Fig. 3a). In September 2008,
the mean value of the whole water column was
720 lg L1, while in September 2009 that value was only
450 lg L1. Pico-chl a (< 3 lm) ranged from 10 to
570 ng L1 with the highest value in the bottom layer in
August 2009 (Fig. 3b). Comparing pico-, nano-, and
micro-chl a fractions, pico-chl a dominated through the
whole sampling period, with highest contribution in
March and in August 2009 (Fig. 4). The only exception
was the period of phytoplankton bloom in fall (Septem-
ber 2008) when micro-chl a accounted for more than
50% of total chl a (Fig. 4). No significant correlation was
found for total or pico-chl a distribution with Synechococcus
or picoeukaryote abundances, while heterotrophic bacte-
ria significantly correlated with pico-chl a (P < 0.05,
r = 0.286, n = 107).
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Picoplankton abundance
Heterotrophic bacteria numerically dominated the
picoplankton community. Their abundance varied
between 1.5 9 105 cells mL1 (in May at 0 m) and
27 9 105 cells mL1 (in July at 0 m) (Fig. 5a). Synechococcus
dominated the autotrophic community (generally > 80%)
with concentrations ranging from 2.4 9 104 cells mL1 (in
December at 10 m) to 21 9 104 cell mL1 (in September at
0 m) (Fig. 5b).
Heterotrophic bacteria and Synechococcus abundances
showed a significant positive correlation with temperature
(P > 0.001, r = 0.70, n = 129; P < 0.001, r = 0.60,
n = 130, respectively) and both correlated negatively with
salinity (P < 0.001, r = 0.59, n = 130; P < 0.001,
r = 0.49, n = 130, respectively). A significant negative
correlation was also found for Synechococcus and nitrites
(P < 0.001, r = 0.45, n = 131).
Picoeukaryotes were generally found in lower numbers,
with highest values in winter, up to 104 cells mL1 at
5 m in January (Fig. 5c). They showed significant positive
correlation with salinity (P < 0.05, r = 0.308).
Bacterial community structure
The bacterial community structure was analyzed accord-
ing to the intensity matrix (presence/absence of bands in
the DGGE gels, combined with their intensity) by MDS
and cluster analysis. According to MDS analysis, the com-
position of bacterial assemblage followed a seasonal cycle
(Fig. 6a and b) in both surface and bottom samples. The
only exception was October 24 (2008) at the surface,
when the assemblage was relatively similar to the Novem-
ber sample, but remarkably different from the anterior
and posterior samples.
The number of different bands defined as OTUs was
larger at the surface samples (61 band types), than at the
bottom (51 band types). Detected OTUs were different in
spring–summer vs. fall–winter samples, indicating differ-
ences in bacterial assemblages in periods of stratification
and vertical mixing (Fig. 7a and b).
Cluster analysis was carried out with the presence/
absence matrix on surface and bottom samples. Surface
samples were grouped into two main groups indicating
two different periods of water column stability: stratifica-
tion and mixing. ‘Stratification group’ was further divided
into three subgroups: late spring cluster and summer–fall
cluster. ‘Mixing group’ contained two subgroups: the first
one was late autumn cluster and second one was divided
into early spring and winter clusters. Bottom samples
were divided into three main groups that were different
from surface groups. The two main groups in bottom
samples indicated periods of stratification and mixing as
well. Mixing group contained winter and early spring
cluster, while stratification group contained fall–summer
in one group and late spring and winter in other group
(Fig. 7a and b).
We excised and sequenced 19 bands from the surface
and 14 bands from the bottom samples. A BLAST search
was used to determine their closest sequences. Most of
the bands showed relatively high similarities (91–100%)
with cultured strains from GenBank (Table 1). Of 19
surface bands, 12 belonged to the Alphaproteobacteria,
including nine Rhodobacterales, two SAR11, and one
(a)
(b)
Fig. 1. Temperature (a) and salinity (b) at station RV001 from September 2008 to October 2009.
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SAR116. Of 14 bottom bands, eight corresponded to
Alphaproteobacteria (six Rhodobacterales, one SAR11,
and one SAR116). The surface community was made up
from four different (taxonomic) groups: Actinobacteria
(Actinomyceta), Cyanobacteria (Synechococcus sp.),
Alphaproteobacteria (Rhodobacterales, SAR11, SAR116,
and Sphingomonadales), and Gammaproteobacteria
(Pseudomonadales). Class Alphaproteobacteria dominated
the bacterial community, but considering lower taxo-
nomic groups, Synechococcus was the dominant genus
level taxon with the highest band intensity in total and
during the whole sampling period (except in April when
it was outnumbered by Rhodobacterales and February,
July, August and October by SAR11) (Fig. 8a). A few
bands corresponding to eukaryotes were observed as well
and they were related to Micromonas pusilla plastids
(Prasinophyceae) with 9.5% of total observed band inten-
sity. The bottom assemblage was made up by these
groups: Bacteroidetes (Flavobacteria), Cyanobacteria
(Synechococcus sp.), and Alphaproteobacteria (Rhodobac-
terales, SAR11, and SAR116). According to total band
intensity, Synechococcus had the highest contribution to
bottom assemblages (25.1%). It was the dominant popu-
lation in January, March, April, 21st of May and July,
(a)
(b)
(c)
(d)
Fig. 2. Inorganic nutrient concentrations at station RV001 from September 2008 to October 2009 for: (a) NO3 ; (b) NO

2 ; (c) NH
þ
4 ; (d) PO
3
4 .
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while it was not detected in October and November
(Fig. 8b). The part of the season in the bottom
assemblage not dominated by Synechococcus was domi-
nated by Alphaproteobacteria, mainly SAR11 (except 6th
of November and 7th of May with Rhodobacterales and
February with SAR116).
We found two different types of Synechococcus: one
type with high similarity to Synechococcus CC9902,
present in the surface and bottom layers, and another one
similar to Synechococcus WH7803, present only in the
surface layer during the whole sampling period, except in
January, February, and March.
PCA carried out on surface and bottom environmental
data (physical, chemical parameters, and band intensities
of sequenced DGGE bands) (Fig. 9a and b) revealed five
principal components (PCs) with eigenvalues < 1 that
(a)
(b)
Fig. 3. Chlorophyll a concentration at station RV001 from September 2008 to October 2009 for (a) total chl a and (b) pico-chl a.
Fig. 4. Percentage contribution of pico-, nano-, and micro-chl a to total chl a from September 2008 to October 2009.
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accounted for 83.1% and 87.9% of total variance for sur-
face and bottom samples, respectively. In surface samples,
the first principal component (PC1) accounted for 34% of
the total variance and was mainly explained with physical
parameters: negative temperature and positive salinity. Ac-
tinobacteria, Alphaproteobacteria, WH7803, and SAR116
showed high correlation with temperature, while CC9902
and Prasinophyceae had positive coefficients like salinity.
The second principal component (PC2) accounted for
22.8% of the total variance and was mainly related to
nutrients: nitrates and nitrites with high coefficients
found in Prasinophyceae, Erythrobacteraceae, SAR11, and
SAR116. In bottom samples, PC1 accounted for 32.4% of
the total variance and was explained with salinity and
nitrites. Alphaproteobacteria and SAR11 showed the high-
est positive coefficients, while CC9902 and Rhodobacte-
rales had negative coefficient values. PC2 in bottom
samples accounted for 21% and was explained by positive
phosphates and chl a. Alphaproteobacteria and Rhodobac-
terales showed the highest positive coefficients. Bacteroidetes
and Prasinophyceae had negative coefficient values correlat-
ing with nitrites and salinity.
Discussion
The northern Adriatic Sea was for many years character-
ized as a highly productive area mainly due to some
occasional episodes of eutrophication followed by diatom
blooms and “mucilage” appearance. Reduced Po River
discharges in the mid-1980s resulted in significant
decrease in nutrient concentrations, particularly phos-
phorus and ammonia (Mozeticˇ et al., 2009). Nutrient
limitation, together with a decrease in chl a levels led to
the general oligotrophication in the northern Adriatic
Sea (Mozeticˇ et al., 2009; Ivancˇic´ et al., 2010). Hydrolog-
ical features and atmosphere–sea interactions tend to be
the main drivers of northern Adriatic Sea dynamics
(Celussi et al., 2011). According to chl a values, pico-
plankton was the most important size class during 2009,
showing that the system had shifted toward a smaller
(a)
(b)
(c)
Fig. 5. Abundance of different picoplankton groups at station RV001 from September 2008 to October 2009 for: (a) heterotrophic bacteria, (b)
Synechococcus, and (c) picoeukaryotes.
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size class-microorganism. Among the observed environ-
mental parameters, only temperature and salinity showed
significantly important influence on picoplankton popu-
lations. Surface salinity decreased in summer months
(Fig. 1b), together with higher temperatures, resulting in
heterotrophic bacteria and Synechococcus peaks, while
picoeukaryotes decreased, showing their preference for
saltier waters. The Synechococcus dominated over pic-
oeukaryotes in terms of abundance, which is in line with
previous observations in the Adriatic Sea (Nincˇevic´-
Gladan et al., 2006; Bernardy-Aubry et al., 2006; Radic´
et al., 2009; Sˇilovic´ et al., 2011). The only period when
picoeukaryotes peaked was December (Fig. 5c), likely as
a consequence of vertical mixing that provided nutrients
throughout the water column. During stratification, pic-
oeukaryotes accumulated in deeper layers, particularly in
summer because of higher nutrient levels. Picoeukaryotes
showed a positive response to increased nitrites availabil-
ity, similar to Prasinophyceae (recovered from DGGE gel)
(PCA; Fig. 9a and b). The peak of picoeukaryotic abun-
dance appeared in January 2009 and was followed by
high Prasinophyceae abundances (Fig. 8a).
The seasonal pattern in bacterioplankton community
found in this study was similar to those in other coastal
areas, like Blanes Bay (Schauer et al., 2003; Alonso-Sa´ez
et al., 2007), Rı´a de Vigo (Alonso-Gutie´rrez et al., 2009),
Chesapeake Bay (Kan et al., 2006), or Gulf of Trieste (Cel-
ussi & Cataletto, 2007), but we observed certain differ-
ences between surface and bottom assemblages. The
vertical distribution of temperature and salinity showed a
clear change in the vertical structure of the water column
from stratification in summer to the vertical mixing in fall
(Fig. 2). Consequently, we expected that the most impor-
tant difference in bacterial community structure would be
between those two periods. On the contrary, the main dif-
ference observed was not between ‘stratification’ and ‘mix-
ing’ communities but between surface and bottom
assemblages (independently of vertical mixing). We
assume that the reason for such differences lies in (1) vari-
able influence of freshwater inputs in surface waters and
(2) influence of oligotrophic water from the south in the
bottom layer (Degobbis et al., 2000). The Po River influ-
ence is most evident in summer, when due to high flow
and changes in circulation pattern its plume can reach the
Istrian coastal zone (Supic´ et al., 2003). This happened in
2009. The Po River had the strongest outflow in May 2009
(average value of 4033.63 m3 s1; source: ARPA-
Romagna Report, daily data for September 2008–2009),
when it reached the Istrian coast in June and brought
nutrients with it (Figs 1b and 2a). This event was excep-
tional and can explain differences in environmental param-
eters during fall periods in 2008 and 2009. We observed a
certain decrease in Synechococcus and an increase in
SAR11 abundance from fall 2008 to fall 2009, while in
bottom samples, we noticed the opposite trend. SAR116
had the increasing trend from 2008 to 2009 in both layers.
These complex interactions made this northeastern
microbial community quite different from that found in
previous studies in the Adriatic Sea (Celussi & Cataletto,
2007; Celussi et al., 2011). The highest number of OTUs
found by Celussi & Cataletto (2007) in Gulf of Trieste
was in summer and lowest between winter and spring. In
our study, highest number of OTUs in surface samples
appeared in winter, while the lowest were found in the
fall. In bottom samples, highest number of OTUs
appeared in fall and the lowest in spring. So, although
both layers followed a seasonal cycle, there was a clear
difference between these two areas of the Adriatic Sea,
not only in number of OTUs but also in their composi-
tion, even during periods of vertical mixing.
(a)
(b)
Fig. 6. MDS diagram representing changes in bacterial community
from October 2008 to October 2009 for: (a) surface assemblage and
from October 2008 to September 2009 for: (b) bottom assemblage.
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The main groups of bacteria appearing in our study,
Cyanobacteria (Synechococcus sp.) and Alphaproteobacte-
ria, are typical for coastal areas, as reported before from
DGGE analyses (Celussi & Cataletto, 2007; Schauer et al.,
2003; Kan et al., 2006) or from clone libraries (Alonso-
Sa´ez et al., 2007 and references therein; Alonso-Gutie´rrez
et al., 2009). Alphaproteobacteria class was dominated by
Rhodobacterales and SAR11 taxa. SAR11 is a ubiquitous
clade that dominates surface waters worldwide
(Giovanonni et al., 1990; Giovanonni & Rappe´, 2000;
Morris et al., 2002; Zubkov et al., 2002; Mary et al.,
2006). In our study, SAR11 appeared more dominant in
the bottom layer and we assume that this is linked to
intrusions of oligotrophic water (Fuchs et al., 2005) from
the southern Adriatic Sea (confirmed by PCA with high
correlation with salinity). Other studies have not detected
SAR11 in the Adriatic Sea, but perhaps the primers used
were missing this normally abundant phylotype (Sa´nchez
(a)
(b)
Fig. 7. Cluster diagram showing differences in bacterial community from October 2008 to October 2009 for: (a) surface assemblage and from
October 2008 to September 2009 for: (b) bottom assemblage. (Branches marked with lighter gray lines, indicated that SIMPROF can find no
statistical evidence for any sub-structure within these.)
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et al. 2009). The oligotrophic characteristic of this area
and low freshwater influence during the period of study
are correlated with the low abundance of Bacteroidetes,
Betaproteobacteria, and Gammaproeteobacteria. The pres-
ence of Bacteroidetes only in the bottom layer during
stratification points out to their demand for higher nutri-
ent levels than were present in the area (PC2, Fig. 9b), as
higher nutrient levels favor their growth (Alonso-Gutie´rrez
et al., 2009 and references therein).
Dominance of Synechococcus during the whole season
in the DGGE agrees with their dominance in terms of
abundance (by flow cytometry) and confirms their
importance in the picophytoplankton community of
this area. The presence of two different Synechococcus
(a)
(b)
Fig. 8. Relative abundance of different phylogenetic groups (based on DGGE band intensity) from October 2008 to October 2009 at station
RV001 for: (a) surface assemblage and from October 2008 to September 2009 for: (b) bottom assemblage. 1 – Actinobacteridae; Acinomyceta; 2
– Bacteroidetes; Flavobacteria; 3 – Cyanobacteria; Chroococcales; Synechococcus; 4 – Alphaproteobacteria; 5 – SAR11; 6 – SAR116; 7 –
Alphaproteobacteria; Rhodobacterales; 8 – Alphaproteobacteria; Sphingomonodales; Erythrobacteraceae; 9 – Gammaproteobacteria;
Pseudomonadales; Pseudomonadaceae; 10 – Eukaryota; Chlorophyta; Prasinophyceae.
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subgroups in northern Adriatic Sea had been observed
in culture experiments (Paoli et al., 2008), but their
taxonomy or physiology had not been explored. We
found two different Synechococcus types, CC9902-like
present in both layers, and WH7803-like present only
in the surface layer. Type CC9902 (clade IV) is pre-
dominantly found in coastal boundary zone in a broad
range of nitrate and phosphate concentrations
(Zwirglmaier et al., 2008). Interestingly, according to
PCA, CC9902 correlated positively with salinity and
nitrites in the surface layer but negatively in the bot-
tom layer. On the other hand, the WH7803 type (clade
V) is observed during transition periods between mix-
ing and stratification (Post et al., 2011). Genotypes
belonging to clade V tend to dominate in upwelling
zones (Fuller et al., 2006), suggesting their preference
for high nutrient availability. The absence of clade V in
winter and their complete absence from bottom waters
can be connected to their preference for higher temper-
atures (Fig. 9a), as was previously observed in coastal
California (Tai & Palenik, 2009). Celussi and colleagues
carried out seasonal studies similar to the present one
in the Gulf of Trieste, northeast Adriatic Sea (Celussi
& Cataletto, 2007; Celussi et al., 2011). The specific
hydrodynamics of the Gulf of Trieste shapes its bacte-
rial community structure, making it rather different
from the area studied here, despite its proximity. In
effect, the physical processes occurring along the eastern
and western Adriatic coasts differ greatly in their char-
acteristics. Water exchange between the semi-enclosed
basin of the eastern coast and the open sea is mainly
forced by the local wind. Conversely, the shelf area
along the western coast is dominated by the Po River
outflow, which in winter remains mostly confined to a
coastal boundary layer, whereas in summer, spreads to
the open sea as well (Orlic´ et al., 1992). Considerable
freshwater inputs, together with particular circulation
patterns, make the Italian coast quite eutrophic. On the
other hand, the northeast Croatian coast is quite oligo-
trophic (Mozeticˇ et al., 2009; Ivancˇic´ et al., 2010) and
much more dynamic (depending on prevailing freshwa-
ter/oligotrophic water influence). These differences in
hydrodynamics of the two areas are the most likely
cause of the differences in the bacterial assemblages
found in both studies.
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